In this Letter we report on the generation of sub-diffraction-limited pure longitudinal magnetization in optomagnetic materials. The interaction between polarization singularities of cylindrically polarized beams and optical vortices in the tight focus of a high numerical-aperture objective as well as the induced magnetic fields through the inverse Faraday effect are investigated. A pure longitudinal magnetization distribution throughout the entire focal plane, which has a 15% reduction in the lateral full width at half-maximum, is achieved by tightly focusing an azimuthally polarized vortex beam. The discovery of the giant magnetoresistance [1] has facilitated longitudinal magnetization (normal to the surface of a recording medium) in recording with a granular size of sub-hundred nanometers and thus accelerated the development of high capacity magnetic storage devices. Recently, the inverse Faraday effect (IFE), conceived in the 1960s [2] for all-optical magnetic recording (AOMR), has emerged as a key component for the next generation storage technology of an ultra-high areal density [3] [4] [5] . In AOMR, the magnetization reversal induced by focusing a circularly polarized beam with an objective [3, 4] has been demonstrated to be an essential method for the longitudinal magnetization recording. However, the degree of the longitudinal magnetization in this case can be degraded due to the depolarization effect by an objective of high numerical aperture (NA) which is a necessity for sub-wavelength AOMR.
The discovery of the giant magnetoresistance [1] has facilitated longitudinal magnetization (normal to the surface of a recording medium) in recording with a granular size of sub-hundred nanometers and thus accelerated the development of high capacity magnetic storage devices. Recently, the inverse Faraday effect (IFE), conceived in the 1960s [2] for all-optical magnetic recording (AOMR), has emerged as a key component for the next generation storage technology of an ultra-high areal density [3] [4] [5] . In AOMR, the magnetization reversal induced by focusing a circularly polarized beam with an objective [3, 4] has been demonstrated to be an essential method for the longitudinal magnetization recording. However, the degree of the longitudinal magnetization in this case can be degraded due to the depolarization effect by an objective of high numerical aperture (NA) which is a necessity for sub-wavelength AOMR.
As is well known, the control of the phase, amplitude, and polarization distributions of a laser beam at the back aperture of a high NA objective can lead to enriched electric field components within its focus [6, 7] and thus shape both the spatial distribution and the orientation of the light-induced magnetization by the IFE. As such, focusing a radially polarized beam has resulted in vortexlike transverse magnetization [8] , although this outcome is not necessarily useful for high density AOMR. On the other hand, the binary phase [9, 10] and amplitude modulation [11] of an incident beam has been used to improve the spatial resolution at the cost of the accompanying detrimental transverse magnetization. Thus, generating pure longitudinal magnetization within a sub-diffractionlimited region by the IFE has remained a challenge toward sub-wavelength AOMR. In this Letter, we demonstrate that sub-wavelength AOMR with pure longitudinal magnetization throughout the entire focal plane of a high NA objective is possible when an azimuthally polarized beam is superposed with an optical vortex.
As has been demonstrated [12, 13] , optical vortex beams focused by a high NA objective can result in a dramatic change in the distribution of the electric fields within the focus. Since the azimuthally polarized beam, or in general a cylindrically polarized beam, can be seen as the superposition of circularly polarized beams of an opposite circular direction, let us first consider the focusing property of the left/right-handed circularly (LHC/ RHC) polarized beam with vortices described by topological charge m. The incident beam can be expressed as E x ; E y ; E z 1; i; 0 expimφ s (positive for LHC and negative for RHC). Based on the vectorial Debye diffraction theory [6] , at point ρ s ; φ s ; z s within the focal vicinity of an aplanatic lens, the focal electric fields of LHC and RHC polarized vortex beams can be expressed, in cylindrical coordinates, as
where C is a constant, α is the convergence semi-angle of the lens, P 0 θ l 0 θcos 1∕2 θ represents the pupil function, and for the uniform illumination l 0 θ 1. J n is the nth Bessel function of the first kind. k 2π∕λ nk 0 is the wave factor in image space. It should be noted that terms A 1 and R 2 are unnecessarily ignored in the previous literature [12] , which could lead to the consequent light-induced magnetization with incorrect characteristics. Based on the free-energy function [14] , the magnetization field induced by the IFE through focusing a circularly polarized vortex beam in the isotropic magnetically ordered material can be expressed as
where E is the electric field, E represents its conjugate, and γ is the coupling efficiency proportional to the magneto-optical susceptibility χ of the material. By substituting Eqs. (1) and (2) into Eq. (3), the induced magnetization field by the tightly focused LHC polarized vortex beam can be given by
where C 0 2γC 2 is a constant. The induced magnetization field in the focal plane of a LHC polarized beam with a topological charge of 0, −1, and 1, respectively, are shown in Fig. 1 . The total magnetization field is calcu-
1∕2 and is normalized to unity by the maximum magnetization induced by the LHC polarized beam with m 0. Since the nonzero radial magnetization components only exist in the outof-focus area [15] , it is not presented here. In the calculation, NA 0.95 and the refractive index of 1 are used. The results for the RHC polarized vortex beam are not presented here, since they are analogous to those of the LHC polarized vortex beam.
The interaction between optical vortices and the circular polarization field can dramatically change the spatial distribution of the resultant magnetization field. A Gaussian-shape-like longitudinal magnetization distribution is dominant in the focal plane of the LHC polarized beam without vortices, accompanied by a portion (23%) of doughnut-shaped transverse magnetization [ Fig. 1(a) ]. When an optical vortex is present, the generated magnetization distribution has a doughnut shape with an increased lateral full width at half-maximum (FWHM), and the ratio of the transverse component varies as the helicity of vortex changes, ranging from 15.96% (m −1) to 27.11% (m 1). Though the presence of optical vortices may suppress the transverse magnetic component, the resultant doughnut-shaped magnetization spot does not favor high density AOMR.
The mutual effect between polarization singularities of cylindrically polarized beams and optical vortices cannot only change the spatial distribution but also the orientation of the dominant magnetization field. As one kind of polarization singularities, a radially polarized beam with a topological charge of m can be expressed as the superposition of two circularly polarized vortex beams,
Based on the mathematically corrected expression for focused circularly polarized vortex beams and Eq. (3), the lightinduced magnetization for radially polarized vortex beams can be given as
When m 0, the light-induced magnetization is a pure transverse magnetic vortex [8] . Interestingly, for a radially polarized beam with a topological charge m 1, a flap-top magnetization with a dominant longitudinal component in the focal vicinity is generated in Fig. 2 .
To gain insight on the interaction between polarization singularities and optical vortices, let us first consider the case under the low NA condition. For each ring (dθ) of the exit pupil, its contribution to the electric field components on the focus point can be expressed as 
From Eq. (6), it can be seen that circular polarization is generated on the focus voxel, owing to the mutual effect of the polarization singularity of the cylindrically polarized beam and the optical vortex. The orientation of the longitudinal magnetization is determined by the helicity of the spiral phase. However, in the case of tight focusing by a high NA objective (NA 0.95), the enhanced longitudinal electric field components result in a large portion (30%) of the transverse magnetic field in the off-axis area.
On the other hand, the interaction between the polarization singularity of an azimuthally polarized beam and optical vortices in the tight focus cannot generate longitudinal electric components, which could tackle the generation of pure longitudinal magnetization. For an azimuthally polarized vortex beam with a topological charge of m, 
When m 0, no magnetization can be generated by focusing an azimuthally polarized beam. Interestingly, when m 1 (or −1), the mutual effect between the polarization singularity of an azimuthally polarized beam and the optical vortex can lead to a Gaussian-shape-like pure longitudinal magnetization throughout the entire focal plane (Fig. 3) . In addition, the orientation of the longitudinal magnetization, or the logical bit in AOMR, can be easily reversed by switching the helicity of the optical vortices. The axial cross section of the amplitude of the magnetization is shown in Fig. 3(b) with a dashed line. The longitudinal direction remains unchanged before and after the focal plane and the longitudinality is constantly one.
Moreover, the generated magnetization field can be confined to a sub-diffraction-limited region. Further calculation indicates the lateral FWHM of the magnetization spot induced by tightly focusing azimuthally polarized vortex beams is only 84.9% compared with that of circularly polarized beams when NA 0.95, valuing 0.5080λ and 0.5989λ, respectively, as shown in Fig. 4(a) . This is depicted more clearly in the plot of the lateral FWHM as a function of the NA of the objective, as shown in Fig. 4(b) . The enriched focal electric field components can lead to a large portion of transverse magnetic field components for a LHC polarized beam (23%) and for a radially polarized vortex beam (30%) at the NA of 0.95. On the contrary, the ratio of the longitudinal component to the total magnetization (M z ∕M) by focusing an azimuthally polarized vortex beam is independent of the NA of the objective, owing to the nature of pure longitudinal magnetization [ Fig. 4(c) ].
In conclusion, we have theoretically investigated the light-induced magnetization by the IFE through focusing cylindrically polarized vortex beams with a high NA objective. It is found that the mutual effect between the optical vortices and the input polarization plays a critical role in determining the distribution and orientation of the focal magnetization. A pure longitudinal magnetization distribution throughout the focal plane with a 15% reduced lateral FWHM can be generated by tightly focusing an azimuthally polarized vortex beam. This feature holds great potential in ultra-high density [16] AOMR. It may open a new avenue for controlling light-mater interaction in magnetic materials as well as for developing novel optomagnetic devices.
